Stainless steels are used in industrial and construction applications in which a corrosive environment and mechanical loads are often combined. The high corrosion resistance of stainless steel is ensured by the presence of a chromium-enriched passive film that protects the steel from corrosive species. External mechanical loads and residual stresses can affect the integrity of the passive film, which can decrease the protectiveness of the oxide. For instance, one of the established mechanisms for stress corrosion cracking (SCC) is based on the concept that tensile stress breaks the passive film creating anodic locations at the bottom of the crack [1] [2] [3] which propagate through a activation/passivation process. Hence, the study of the influence of mechanical stress on the electrochemical and physical properties of the passive film is crucial for the understanding of common corrosion processes in stainless steel.
Previous studies have shown that the passive film thickness decreased when the stainless steel was under load, 4 with a greater effect for tensile than compressive load. 5 Load also affects the electrochemical properties of passive films; the polarization resistance of the steel decreases and its capacitance and conductivity increase when external elastic or plastic load is applied. [5] [6] [7] These changes can be explained by a rupture of the oxide and by an increased number of oxygen vacancies under a stress state, subsequently increasing the amount of donors and acceptors. 5, [8] [9] [10] Dislocations generated during loading give rise to a less protective passive film and decrease the ability of the steel to repassivate. [11] [12] [13] [14] At the same time, deformation can cause the transformation of austenite to α-martensite in metastable austenitic stainless steels when this is loaded, e.g. cold rolling and plastic deformation. 9 Martensite formation can also rupture the passive film and decrease its essence of protectiveness. 13 The Scanning Kelvin Probe (SKP) is a potentially useful method to examine the effect of load on the corrosion resistance of passive film, because it allows in-situ quantification of the surface electrochemical potential. SKP measures the electrochemical potential of the material relative to a reference electrode or the electron work function (EWF, ) relative to zero level in vacuum. The term Volta potential is commonly used in the literature to denote the parameter measured by SKP. However, the Volta potential is a result of charge on the surface and is affected by the probe and geometric factors. Hence, the Volta potential is not a characteristic parameter and the term electrode potential will be used instead in this work. 15, 16 can be subdivided into a contribution of the metal bulk (μ e ) and the potential drop at the metal-vacuum interface (χ), where e is * Electrochemical Society Active Member.
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= μ e − eχ [1] The electron work function will be affected when plastic load is applied as χ is dependent on the crystallographic structure and interatomic distance. [17] [18] [19] Other parameters influence the EWF on metal with a semiconducting oxide on its surface. The potential drop across the metal-oxide-air interfaces has two contributions. The drop at the metal-oxide interface relates to difference of Fermi levels in the metal and in the oxide before two materials are in contact. The drop at the oxide-air interface corresponds to the electron band bending in the oxide due to adsorption and the formation of a dipole layer on the oxide surface. 19 A number of previous works have shown an effect of load on electrochemical potential. [20] [21] [22] [23] [24] [25] [26] A clear difference was observed between the effect of elastic and plastic loads on the EWF. For elastic loads it was considered that the stress mainly influences the potential drop across the metal/vacuum interface due to the changing in the distance between surface atoms, while the change of the chemical potential in the metal bulk is negligible. 22, 24 For plastic loads, the stress above the yield point creates plastic deformation with the generation of dislocations. 20, 21, [24] [25] [26] [27] The changing of EWF after elastic and plastic strains has also been analyzed for stainless steel. 23, 26 For the duplex grade AISI S31803 it was observed that during strain ferrite had a lower potential than austenite and that elastic deformation increased EWF by 0.020-0.025 eV whereas plastic deformation decreased the EWF 0.3 eV. The change of EWF due to elastic deformation was explained due to an increase of the nano-surface roughness whereas the effect of plastic deformation was described by an increase by the formation of dislocations and slip bands. A similar response was observed on plastically deformed austenitic grade 304, 26 showing that plastic strain decreased the potential by 150 mV. This was related to the rupture of oxide after formation of dislocations.
The significance of the SKP measurement is seen when it can be correlated to the corrosion potential, which in turn is an indicator of the corrosion resistance. It has been shown experimentally that depending on the environment, the potential ( /e) of the metal surface can be correlated to the corrosion potential (e.g. for corroding metals) 15, 28, 29 or to the metal potential in the passive state (e.g. in dry air or in vacuum). 15 Consequently, the effect of external applied load on the corrosion resistance of stainless steel can be assessed by studying the electrode potential and the properties and changes of the passive film. In this work, SKP was used to study the effect of plastic and elastic loading on the electrode potential of austenitic stainless steel 301LN based on the changes of the passive film properties during loading. In order to obtain a baseline for comparison, the effect of surface preparation and elapsed time after surface preparation was also evaluated.
Experimental
In this study the austenitic stainless steel 301LN (EN 1.4318, Coil 703953, thickness 3 mm) provided by Outokumpu Stainless AB was investigated. The nominal composition is listed in Table I .
The material was investigated in the temper rolled condition, which means that substantial work hardening and deformation martensite were present. The mechanical properties, determined by tensile testing, using the geometry shown in Fig. 1C are given in Table II 
where I(t) is the alternating current, C p/w is the alternating capacitance, V p/w is the contact potential difference between probe and specimen, e − refers to the electron charge, w and P are the electrochemical work functions, EWF, of the specimen and probe surfaces, respectively. The potential drop V p/w within the air gap reflects the difference in electrode potentials ( /e) and thus the difference in the corresponding EWF (Eq. 3). 30 Because the potential of the probe ( P /e) remains constant and is calibrated against a reference electrode Cu/CuSO 4 , the potential ( w /e) or work function ( w ) of the specimen surface can be obtained.
The tests were carried out in laboratory air at ambient temperature and humidity (50% RH and 22
• C). To keep the probe-specimen distance constant during the mapping, topography measurements were carried out before the potential measurements. The topography accuracy is in the range 1-2 μm. The gap between electrodes was adjusted to 30 or 50 μm, the vibration amplitude was 20 μm and the vibration frequency was around 2 kHz. The reference electrode is a needle of a Ni-Cr alloy with a tip diameter of 100 μm and the lateral resolution was in the range of 100 μm. In standard measurements, the data recording density was 16 points/mm (X-axis) and 4 points/mm (Y-axis). Before measurements, the potential of the probe was calibrated against a saturated Cu/CuSO 4 electrode. All SKP potentials are given versus the standard hydrogen electrode (SHE). Three types of specimens were used for SKP measurements depending on the final purpose of study.
For studying the influence of surface roughness on the electrode potential, the entire top surface of the specimen, of dimensions 10 × 4 × 3 mm, was prepared by grinding or polishing. Surface finishes between SiC #80 grit and 1 μm diamond paste were used.
Unless otherwise specified, the steel surface for SKP measurements was prepared, rinsed in de-ionized water then exposed for 48 h to dry air in order to form a reproducible passive film. In some cases parts of the surface were carefully abraded at a predetermined time before testing and in one case the specimen was firstly polished using SiC #600 and subsequently half of it was manually polished with SiC #4000, as shown in Fig. 1A . Some specimens were first 1 μm diamond paste polished and then immersed in 30 vol.% HNO 3 , at 22
• C for 30 min while others were first 1 μm diamond paste polished and then heat-treated at 150
• C in air for 18 h in order to study the effect of these processes on the oxide and electrode potential. The stressed specimens were tested 48 h after polishing with 1 μm diamond paste.
A constant load cell and a load ring sensor were used for studying the influence of tensile load on the electrode potential. The scanned area with SKP was the thinner central part of the specimen, to which deformation was concentrated see Fig. 1C . The specimen was deformed using a constant load cell applying loads in the range of 350-650 MPa. Finite element modeling (FEM) was used for modeling stresses and displacements in the matrix when a deformation of 10% (corresponding to a stress of 650 MPa) was applied, see by radio-frequency glow discharge optical emission spectroscopy (GDOES). GDOES depth profiles were recorded using LECO GDS 850A equipment. In this technique, a low pressure Ar-plasma is used to sputter atoms from the sample which lead to optical emission following excitation. The concentration of up to 30 elements can be obtained simultaneously by quantifying the amount of emitted light at specific wavelengths, which are distinctive for each element. For the GDOES measurements, the diameter of the area analyzed was 4 mm with a depth resolution of 10 nm. Specimens had dimensions 40 × 40 mm and were analyzed after various elapsed times following polishing with diamond paste 1 μm or wet grinding on SiC #80 paper.
Atomic force microscopy.-Atomic Force Microscopy (AFM) was used for studying the influence of plastic deformation on surface topography and roughness. The equipment used was an AFM BRUKER (nanoscope multimode 8) with tapping mode and a cantilever frequency of 354.83 KHz. The distance between points was varied between 5 and 10 nm. The test was performed on 50 × 50 μm area polished with diamond paste 1 μm.
X-Ray diffraction.-X-Ray Diffraction (XRD) was performed on a D8 equipment model (Bruker AXS) to study the phases present in the material after application of plastic deformation. The XRD used has a parallel beam arrangement by Goebbel mirror, 1.2 mm divergence slit, and long Soller slits with a SolX (Bruker) energy dispersive detector used for identifying the phases.
The primary focus was the formation of deformation martensite, as 301LN is a metastable austenitic stainless steel.
Results
Influence of the surface preparation and elapsed time on the electrode potential and passive film thickness.
In order to study the influence of the time after surface preparation on the electrode potential, the surface of the specimens was scanned with SKP. The left hand side of Fig. 3 shows that the potential was fairly uniform at ∼+ 300 mV when measured 96 h after wet grinding to SiC #600 paper. Abrading the right side of the specimen to SiC #4000 paper only 1 h before the measurement resulted in a potential which was approximately 250 mV lower. However, after an elapsed time of 48 h this potential returned to the original level of about +300 mV.
The same trend of increasing potential with time following abrasion is also seen in the compiled data in Fig. 4 , where the potential vs. time is shown both after grinding with SiC #80 paper and polish- ing with 1 μm diamond paste. The rougher surface causes a slightly more pronounced increase in potential. However, after 48 h of exposure in air the potential of all the specimens stabilized in the range 310-330 mV with no significant influence of the surface roughness.
The potential for specimens 48 h after being treated in aqueous solution of 30 vol.% HNO 3 was lower than for the corresponding specimens without the acid treatment. In contrast, specimens which were heat treated at 100
• C for 15 h exhibited a higher potential of 380-400 mV.
A parallel study was performed using GDOES to examine the evolution of the composition and thickness of the passive film, see Fig. 5 . This technique provides information about the elemental composition of the passive film, although it does not reveal details such as the hydroxide content. The surfaces were ground with SiC #80 paper then analyzed after elapsed times of 0.5, 4, and 48 h. The oxide thickness was defined as the thickness at which the oxygen level was half of the difference between maximum and minimum values, see Fig. 5 . The same experiment was done for specimens diamond polished to 1 μm. The results showed that the native passive film had a total thickness in the range of 2-4 nm, which increased with the elapsed time after preparation. In Fig. 6 , the thickness of the passive film versus time for all the specimens is given. Larger thicknesses are measured for longer exposure times and no clear effect of roughness is observed. Heat treatment at 100
• C for 15 h increased the thickness of oxide layer to about 5-6 nm.
The composition of the passive films was studied by studying the relative metal levels from GDOES profiles, see Fig. 7 . The composition of the oxide is characterized by an outer layer of Fe and Ni oxide and an inner chromium-enriched oxide, independent of surface roughness or elapsed time. No depletion of chromium under the passive film was observed for any of the specimens. These results are generally in good agreement with passive film analyses in the literature, 4, [31] [32] [33] e.g. Hakiki showed that passive films have an inner region of Cr at the film-substrate interface (Cr 2 O 3 ) and an outer region of mixed iron and nickel oxides. surface was in the range 300-350 mV. When an elastic load was applied, the potential in the deformed region increased by 30-70 mV, see Fig. 8 . This effect was reversible when the load was removed. When the higher load level to give plastic deformation was applied, the potential in the central part of the specimen decreased by ∼150 mV to a level of 150-200 mV, see Fig. 9 . In contrast to the elastic loading, this change of potential was irreversible.
The same procedure was done for a specimen which had been heat treated at 150
• C for 18 h prior to loading. The heat-treatment increased the oxide thickness to 5-6 nm. The initial potential of this specimen was 400 mV which is significantly higher than the non-heat-treated specimens. In this case, the potential decreased by ∼250 mV in the plastically deformed area compared to the nondeformed area, resulting in a similar potential level as for plastically deformed specimens which had not been heat treated.
The effect of acid treatment under plastic deformation is shown in Fig. 10 . A load of 650 MPa decreased the potential by ∼150 mV (Fig. 10, left) . Without unloading, the sample was immersed in an aqueous solution of 30% HNO 3 for 30 min., rinsed in de-ionized water and dried in a flow of compressed air. The SKP profile 1 h after the acid treatment (Fig. 10, right) shows that the potential on the loaded section dropped by a further ∼50 mV while that for the unstressed edges dropped by ∼200 mV. Only a small difference in the potential thus remained between the stressed and unstressed areas of the specimen.
SKP was used to measure the electrode potential of a specimen plastically deformed by indentation. The specimens were tested 48 h after polishing with 1 μm diamond paste. The initial potential shown in Fig. 11A is in the range of 250-300 mV. The topography of the specimen after indentation, Fig. 11B , was measured and used for compensating the difference of height when measuring the potential profile. It was seen that the potential decreased by approximately 250 mV in the deformed region, reaching a value of 0 mV. The process was largely irreversible, although the potential in the deformed region increased to 10-20 mV after 24 h of exposure in air. The same specimen was thereafter treated in 30 vol.% HNO 3 , rinsed in de-ionized water and dried, see Fig. 11D . As was seen for the tensile specimen, the nitric acid treatment decreased the potential of the unstressed edges of the specimen. However, different behavior was seen for the centre of the compressed area, which increased in potential after the nitric acid treatment to a similar level as before loading.
The effect of plastic deformation on surface topography and roughness for specimen with an applied tensile load of 650 MPa was studied using AFM, Fig. 12 . The specimen was polished with 1 μm diamond paste prior to deformation. The results showed that plastic deformation increased the roughness from 50 nm to 1 mm and produced characteristic slip steps on the surface.
Plastic deformation can also lead to phase transformation in the steel. XRD analysis of deformed and non-deformed regions of a tensile specimen indicated that plastic deformation induced a transformation of the austenite into martensite, from about 48% in the unloaded condition to 100%, see Fig. 13 .
Discussion
In this work the effect of passive film thickness, roughness and applied stress on the electrode potential was measured for an austenitic stainless steel grade 301LN using a scanning Kelvin probe.
The experimental results are in agreement with previous work showing that the electrode potential is strongly dependent on the strain level and the thickness of the oxide film. 26, 23 Tensile testing in the elastic stress domain increased the potential (Fig. 8) whereas a plastic load, either compressive or tensile, decreased the potential ( Fig. 9 and Fig. 11 ). The effect of deformation on the potential was more pronounced for plastic than elastic deformation; a load of 650 MPa decreased the potential by 150 mV and an elastic load of 350 MPa increased it by 30-70 mV. These results are in agreement with EWF measurements for elastically strained copper, aluminum and duplex steel that were presented in the Introduction section. 18, 22, 23, 30 Interpretation of the measurements is complicated by the simultaneous occurrence of numerous effects, such as oxide thickness, composition, dislocations formation, donors/acceptors density, roughness and martensite formation.
Published work has attributed the increase of potential during elastic deformation to the increase of nano-roughness on the surface of the metal. 23 It was shown that electrode potential reached its maximum point before plastic deformation started. The theoretical explanation proposed by Wang et al. 23 is that elastic tension decreases the density of the atomic packing and decreases the concentration of the electrons in the metal layer close to the interface, this makes the Fermi level electrons bind more strongly at the surface so it is more difficult for them to escape, consequently increasing the potential. On the other hand, it has been pointed out by Feng et al. that a potential drop across the adsorbed layer also contributes to SKP measurement. Oxygen molecules accept electrons from the oxide, creating a dipole with negative charge on the oxygen and positive (hole) in the oxide film. 10 This orientation takes place on oxidized metals and increases the electrode potential. Thus the ennoblement of potential can be related to strain induced oxygen adsorption. Both of these explanations appear relevant to the current observations. When plastic load is applied, slip bands emerge to the surface, see Fig. 12 , and can rupture the surface oxide so that the electrons on the Fermi level can be more easily released. The "slip dissolution" model for stress corrosion cracking is based on the same type of concept: that dislocation motion along slip bands causes breaks in the passive film, creating locally active areas on slip bands. It therefore seems reasonable to conclude that the rupture of the passive film is the main effect causing the decrease in the electrode potential during yielding. 26 Plastic deformation of the metastable austenitic stainless steel 301LN also leads to a change of the microstructure of the steel, increasing the amount of martensite from ∼50% to 100% (Fig. 13) . 13 The formation of martensite can also cause rupture of the passive film and decrease its protectiveness, and consequently the EWF. 13 The contribution of passive film thickness to the EWF is an important parameter to study because it affects the baseline potential against which changes induced by stress are compared, and because during tensile testing a reduction of the passive film thickness occurs. 4 The present work showed that the electrode potential appears to be proportional to the oxide thickness, with both parameters increasing immediately after polishing and reaching a steady-state after 48h (Fig. 4  and Fig. 6 ). The oxide film thickness increases with time due to the continuous reaction of oxygen with elements of the bulk metal and reaches a steady-state after some time as it is limited by the diffusion process of anion/cations through the passive film. 34 The connection between high EWF and thicker oxides was also indicated; higher potentials were measured on thicker oxides obtained after heat-treatment at 150
• C and, on the contrary, lower potentials were measured for thinner oxides obtained after immersion in 30 vol.% HNO 3 , Fig. 4 . Similar results were also reported in previous work which showed a lower capacitance for thinner passive films formed in acidic environments. 5 However, these results are in disagreement with the fact that nitric acid is widely used in the industry for enhancing the corrosion resistance of stainless steels. Previous work also stated that nitric acid passivation increases the thickness of the passive film 35 and the Cr/Fe ratio. 36 A complicating factor in this respect is that heat-treatment or acid treatment may also affect the defect structure or hydroxyl fraction of the passive film. The latter has been shown byÖzkanat et al. 38 to have a significant effect on the potential. It therefore seems that there is scope for more work to identify conditions in which different types of treatment have beneficial or detrimental effects on the passive film. The dominating effect of film rupture, regardless of oxide thickness, on the electrode potential was demonstrated when measurements were made under the same load on specimens with different oxide thickness. A larger EWF drop was measured for the specimens which had first been heat treated to give a thicker oxide than for specimens with thinner oxides. However, the final potential level was similar in both cases.
As discussed above, plastic load gives rise to rupture and thinning of the passive film and an increase in the surface roughness. In order to separate these effects, measurements of the potential were made for specimens with different surface preparation, which give rise to different surface roughness (Fig. 4) . It was found that the potential was lower for rough surfaces than smooth surfaces, but that the effect was only small and gradually disappeared with time. A possible explanation is that rougher grinding introduces compressive residual stresses in the metal surface that influence on the semi-conductivity properties of the oxide. 32, 37 Residual stresses contribute also to the formation of dislocations and increase the presence of donors-acceptors in the oxide that reduce the potential. 5, 37 Measurements of the potential for passive films of different thickness after different elapsed times following grinding likewise indicate that the roughness effect is minor within the range induced by plastic deformation, e.g. the highest electrode potential difference due to roughness effect was 20 mV after 48 h whereas plastic deformation induced a change of 150 mV. The dominant effect giving rise to the potential drop following plastic deformation is therefore concluded to be passive film rupture.
Surface roughness and damage are also feasible explanations for the potential drop measured on specimens after indentation testing. The potential drop was larger than that measured after plastic deformation in tensile testing. The larger effect of indentation testing could be attributed to damage on the surface due to the contact of the indentation cylinder, which may create scratches and more breaks in the oxide.
A significant difference between elastic and plastic deformation effects on electrode potential was that the small increase in the potential due to elastic deformation was immediately reversed when the load was removed. In contrast, the decrease in potential after plastic deformation was still apparent 24 h after removal of the load. The implications of this observation are that the strain history of a material will have consequences for the electrochemical response and the susceptibility to corrosion.
Conclusions

This work demonstrates that SKP is a valuable electrochemical
technique to study the effect of strain on 301LN without application of an electrolyte. 2. There is a clear correlation between the electrode potential and the passive film properties. A thicker oxide film gives a nobler potential, while a rougher surface exhibits a slightly lower potential. 3. Application of an elastic tensile load increased the electrode potential slightly, but this effect was immediately reversed when the stress was removed. In contrast plastic strain by tensile and compressive testing strongly decreased the potential and this effect remained even after removal of the stress. The effect of plastic deformation was attributed to rupture of the passive film by dislocation motion along slip bands and martensite formation. Additional effects such as density of donors/acceptors may also contribute.
